We present a method for measuring the concentrations of ionized acceptors and donors in compensated p-type silicon at room temperature. Carrier lifetime measurements on silicon wafers that contain minute traces of iron allow the iron-acceptor pair formation rate to be determined, which in turn allows the acceptor concentration to be calculated. Coupled with an independent measurement of the resistivity and a mobility model that accounts for majority and minority impurity scatterings of charge carriers, it is then possible to also estimate the total concentration of ionized donors. The method is valid for combinations of different acceptor and donor species.
Low-cost silicon feedstock will most likely become an important source of silicon for photovoltaics over the coming years. Due to the relative difficulty of removing dopant species during purification, this low-cost material is likely to be quite strongly compensated, meaning that it may contain significant quantities of both n-and p-type dopants. This can in turn impact device performance, for example, through reduced carrier mobilities. The concentrations of dopants in compensated material can be determined via lowtemperature photoluminescence 1,2 ͑PL͒ or infrared absorption ͑IR͒ measurements. 3, 4 Both methods require low temperatures ͑between 4.2 and 15 K͒ and are mostly used for dopant concentrations below 10 16 cm −3 , for which they are well characterized but which is perhaps too low for some compensated solar-grade silicon. Higher dopant concentrations may also be measured by physical techniques such as secondary ion mass spectroscopy or glow-discharge mass spectroscopy. However, these techniques measure total concentrations, not only the electrically active component, and are not commonly available in photovoltaic laboratories ͑as is also true for low-temperature PL and IR͒.
Here, we present an alternative method for determining the concentration of electrically active acceptors in compensated p-type silicon based on carrier lifetime measurements of the formation rate of iron-acceptor pairs at room temperature. The concentration of electrically active donors can then also be inferred. This method for determining the acceptor concentration has been verified with measurements on noncompensated materials.
The technique is based on the well-known pairing behavior of iron-acceptor pairs in silicon. [5] [6] [7] After the ironacceptor pairs are dissociated, usually by strong illumination, they reassociate with a time constant assoc given by where the constant B = 5.0ϫ 10 5 s / K cm 3 , the temperature T is in Kelvin ͑304 K was used in this study͒, N A is the acceptor concentration ͑cm −3 ͒, Boltzmann's constant k = 8.617
ϫ 10 −5 eV / K, and assoc is in units of seconds. The time constant assoc can be accurately determined by measuring the change in carrier lifetime as iron-acceptor pairs re-form after dissociation, and as demonstrated below. It is then a simple matter to calculate N A . The efficacy of this technique is due to the fact that in any p-type silicon wafer, even if heavily compensated, interstitial iron will exhibit a positive charge, and therefore readily form pairs with any negatively charged ionized acceptors. The repairing rate is determined by both the concentration of those acceptors and the migration enthalpy of the diffusing species, 9 in this case interstitial iron. However, it is not affected by the presence of compensating dopants or by the reduction in the majority carrier concentration that they cause. However, in n-type silicon ͑compen-sated or not͒, the charge state of interstitial iron is neutral, iron-acceptor pairs will not form, 5 and this method for determining N A cannot be applied.
The wafers used in this study were from five different p-type ingots grown by the Czochralski ͑Cz͒ method. Three ingots were doped with boron only, while two were doped with both boron and phosphorus. The amounts of dopant added to the silicon melt for each ingot are shown in Table I , while the actual dopant concentrations incorporated in the wafers are affected by segregation and evaporation during ingot growth. They will vary from somewhat less than the initial concentration in the melt to somewhat more than the initial melt concentration depending on which part of the ingot the wafers are taken from, as discussed in more detail below. Nevertheless, the concentrations added to the melt provide an approximate guide to the dopant concentrations that can be expected in the wafers. High-purity feedstock and dopant sources were used during ingot growth; hence, we do not expect significant quantities of unintended dopants. The interstitial oxygen concentrations were measured by room temperature Fourier-transform IR spectroscopy 10 and were between 18 and 23 ppm by atom. Some samples from each ingot were annealed in nitrogen for 35 min at 700°C to remove possible oxygen-related thermal donors, 11, 12 although these samples were subsequently found to exhibit no measurable differences to similar nonannealed samples. The samples contained trace quantities of interstitial iron, in the range ͑2-6͒ ϫ 10 10 cm −3 , as detected by carrier lifetime measurements. 6, 13 Surface passivation for sensitive bulk lifetime measurement was achieved by plasma-enhanced chemical vapor deposited silicon nitride films on both surfaces after surface etching and cleaning steps.
Effective carrier lifetimes were measured by using the quasi-steady-state photoconductance ͑QSSPC͒ technique. 14 Lifetimes were extracted at an excess carrier density of ⌬n =1ϫ 10 15 cm −3 in most cases. Iron-acceptor pairs were dissociated prior to lifetime measurements by illumination for 30 s with strong white light ͑approximately 100 mW/ cm 2 ͒ from a halogen lamp. Note that it is not essential that all iron-acceptor pairs are dissociated since this will not affect the determination of the association time constant assoc . Resistivities were determined from dark conductance measurements performed with the QSSPC apparatus. Figure 1 shows a typical lifetime decrease as the ironboron pairs re-form, in this case for a 1.6 ⍀ cm compensated sample. The solid line shows an exponential fit to the data and yields a time constant of assoc = 330 s. Using Eq. ͑1͒, this corresponds to an acceptor concentration of N A = 4.0 ϫ 10 16 cm −3 . Figure 2 shows similar results for several compensated and noncompensated samples, recast as relative interstitial iron concentrations ͓Fe i ͔ =1/ −1/ final , where final is the lifetime after all of the pairs have re-formed. In this case, the exponential fits appear as straight lines, allowing simpler extraction of the time constants assoc . We estimate the uncertainty in repeated lifetime measurements on a single sample to be less thanϮ 3%. Fitting an exponential decay to lie within the uncertainty range of the lifetime data yields assoc values that are typically uncertain by about Ϯ10% -15%, unless there is so little iron as to make the lifetime changes almost undetectable. Additional uncertainties in the temperature and other wafer parameters mean that the determined values of N A are uncertain by approximately 20% in most cases. Table I lists the values of assoc and the corresponding N A values for each of the ingots studied. Also shown for the noncompensated ingots are the N A values calculated from the measured resistivities via = q h p 0 , where q is the electronic charge, h the majority hole mobility, and p 0 the equilibrium hole concentration. For the noncompensated ingots, p 0 = N A . The mobilities were determined self-consistently by using the model of Reggiani et al. 15 The more complex mobility model of Klaassen 16, 17 yields almost identical results for N A . Note that for the three non-compensated control ingots, the N A values determined via iron-acceptor pairing are in good agreement with the values determined via the measured resistivities. This indicates that the iron-acceptor pairing approach is an accurate way to determine N A . The values are also in good agreement with the concentrations of boron added to the melt, although these provide only an approximate guide due to the effects of segregation, as discussed below.
Taking the values for N A as determined by iron-acceptor pairing in the compensated ingots, we may then also estimate the ionized donor concentration N D in these samples. Assuming that p 0 = N A − N D and again by using the mobility model of Reggiani et al. 15 to estimate the hole mobility in the presence of both n-and p-type dopants, we can adjust N D and the corresponding h until the resulting resistivity = q h p 0 is in agreement with the measured value. Note that there are some relatively small differences between majority carrier mobilities determined with either the model of Reggiani et al. or Klaassen's model when both donor and acceptor dopants are TABLE I. Parameters for the five ingots studied: dopant concentrations added to the melt, measured resistivities, and the corresponding boron concentrations N A for the noncompensated control ingots, measured iron-acceptor repairing time constants assoc , the corresponding boron concentrations N A , the estimated donor concentrations N D , and the hole mobilities determined by using the model of Reggiani et present. However, lack of experimental data for mobilities in compensated silicon makes it difficult to be sure which model is more accurate. In any case, the choice of the model makes little difference to the values of N D determined here. The values of N D determined in this way are shown in Table  I . Again, they are in quite good agreement with the concentrations of dopant added to the melt. Note that the uncertainty in the estimated values of N D will be somewhat larger than the uncertainty in N A since it is compounded by uncertainties in the measured resistivity and the mobility model.
It is possible to check if the results are consistent with the amounts of dopants added to the melt and the impact of segregation during ingot growth. Assuming segregation coefficients of 0.75 for boron and 0.35 for phosphorus, and ignoring any evaporation of dopants from the melt, wafers cut from ingot number 45 would have 4. It is worth noting that, although boron was the acceptor species used in the samples here, the method should in principle work equally well for other acceptors, or indeed a mix of acceptors, since the repairing kinetics are independent of the acceptor species. 8 The technique for determining N A via iron-acceptor pairing is also independent of the carrier mobilities ͑which are likely to be altered in compensated material͒ since it is only the characteristic decay time of the carrier lifetime as the pairs re-form that is required, and this is determined by the movement of interstitial iron, not the charge carriers. In other words, it is not necessary to know the absolute magnitude of the lifetime itself nor the absolute value of the carrier density at which it is extracted ͑although the latter must be kept constant͒, both of which are affected by the mobilities in the QSSPC technique. Only relative lifetime changes are required. On the other hand, estimating N D via the resistivity, as described above, does require knowledge of the hole mobility.
Finally, it may seem restrictive to require interstitial iron to be present in a sample for the technique to be applicable. However, we have found suitable traces of iron in almost all Cz-grown p-type wafers we have measured and also in many float-zone wafers. Multicrystalline silicon wafers grown for solar cells always contain sufficient interstitial iron for these purposes, at least in the as-cut state, courtesy of contamination from the crucible. 18 The relatively straightforward method presented here for measuring N A and then estimating N D in compensated p-type silicon is likely to be useful in future studies of relatively "dirty" silicon for solar cells. 
